The 2005 west off Fukuoka prefecture earthquake (M JMA = 7.0) occurred on March 20, 2005 in northwest Kyusyu, Japan. The fault geometry and rupture propagation of the main shock are investigated by applying the centroid moment tensor (CMT) inversion method to densely-distributed broadband seismic network data. An accurate distribution of small aftershocks is also examined by a double-difference method. The source fault of the main shock whose moment magnitude was 6.6 had a strike of 123
Introduction
A large earthquake occurred west off Fukuoka prefecture, Kyushu, Japan, at 1:53 universal time (UT) on March 20, 2005 (Fig. 1 ). This earthquake, referred to as the 2005 west off Fukuoka prefecture earthquake, strongly shook Fukuoka city with a maximum seismic intensity of less than 6 according to the Japan Meteorological Agency (JMA) scale. The hypocenter of the main shock with a local body-wave magnitude (M JMA ) of 7.0 was located at the northwestern extent of the Kego fault, which passes through the metropolitan area of Fukuoka city, at a depth of 9.8 km (JMA, 2005) . The focal area is located on the Eurasian plate overriding the Philippine Sea Plate, which subducts northwest at a rate of about 4 cm/yr (Seno et al., 1993) .
Waveform inversion is a powerful tool for calculating centroid locations and moment tensor solutions simultaneously despite the presence of limited seismic stations just above and around the focal area (e.g., Dreger and Helmberger, 1990; Ito et al., 2004 Ito et al., , 2005 . Matsumoto et al. (2006) calculated the moment tensor solutions for many small aftershocks with magnitudes less than 4; these aftershocks occurred in the focal area of the 2005 west off Fukuoka prefecture earthquake. Further, the relationship between the distribution of moment tensor solutions and the coseismic-slip area of the main shock was discussed in deCopyright c The Society of Geomagnetism and Earth, Planetary and Space Sciences (SGEPSS); The Seismological Society of Japan; The Volcanological Society of Japan; The Geodetic Society of Japan; The Japanese Society for Planetary Sciences; TERRAPUB.
tail. In their analysis, moment tensor solutions and centroid depths were calculated by using only the waveforms observed at three stations, and the epicenters determined by JMA were used as centroid epicenters.
In this study, we employ a centroid moment tensor inversion method to calculate the centroid location, time and moment tensor solutions of the main shock and aftershocks of the 2005 west off Fukuoka prefecture earthquake. The magnitudes of the aftershocks are greater than 4, mainly. The results are used to estimate the distribution of the source fault in and around the focal area. We also estimate the direction of rupture propagation of the main shock. These estimations are based on data obtained by a "denselydistributed broadband seismic network" composed of tiltmeter and broadband seismometer networks. These network were established by the National Research Institute for Earth Science and Disaster Prevention (NIED). Finally, we discuss the initiation and termination of the rupture of the main shock controlled by fault bends.
Centroid Moment Tensor Inversion Method
We adopted the centroid moment tensor (CMT) inversion method to calculate the moment tensor solutions, centroid locations, and centroid time. In this method, the centroid locations and times with maximum variance reduction (VR) were calculated using a grid-search algorithm. The moment tensor solution at each grid was calculated by the waveform inversion approach using the least square method (e.g., Dreger and Helmberger, 1990; Fukuyama et al., 1998) . Spatial and temporal grid intervals were set to be 0.01
• horizontally, 1 km in depth, and 1 s, where the depth of the shallowest grid was 3 km. VR was defined as follows:
where s i (t) and o i (t) were synthetic and observed waveforms at station i, respectively. VR is 100% when the synthetic waveforms completely agree with the observed ones. If the synthetic waveforms are off by half a cycle, VR assumes a negative value. We used the same velocity and seismic attenuation structure as that adopted for the routine NIED F-net moment tensor approach (Fukuyama et al., 1998) to calculate Greenfs functions. Further, we used a combined seismic network of broadband seismometers and tiltmeters as the densely-distributed broadband seismic network. The NIED F-net and Hi-net stations in Japan are located at intervals of 100 km and 20 km, respectively (Okada et al., 2004; . Three-component broadband seismometers were installed at each F-net station. Two-horizontal-component high-sensitivity borehole accelerometers were installed at each Hi-net station in addition to a three-component highsensitivity velocity seismometer. The accelerometers were used as tiltmeters, which are useful in detecting and analyzing low-frequency earthquakes (Obara and Ito, 2005) . The velocity and acceleration seismograms observed using the F-net broadband seismometers and Hi-net tiltmeters were integrated to displacement and used as observed waveforms in the CMT inversion method. The waveform data were filtered with a passband of 0.02-0.05 Hz and decimated to a sampling rate of 1 Hz.
Between March 20 and June 3, 2005, the JMA catalog lists 109 earthquakes whose JMA magnitudes exceed 3.5. The waveform data with a low signal-to-noise ratio due to contamination by other earthquakes or highly artificial noise in the same time window were excluded from the listed events. We applied the CMT inversion method to the remaining 44 earthquakes whose waveform data were observed at more than 15 stations. We used hypocentral parameters from the JMA catalog as the initial centroid location and time for the CMT inversion.
Moment Tensor Solutions
Forty-four CMT solutions were calculated by the CMT inversion method. In these results, the VRs were in the range of 52-94%, and in 70% of the results, they exceeded 80%. Figure 2 shows an example of a calculated moment tensor solution and the observed and synthetic waveforms of a small aftershock with a moment magnitude of 3.9 and a VR of 89.5%. The observed and synthetic waveforms were in good agreement. In order to assess the validity of the moment tensor solution, we compared the moment tensor solution with the P-wave first motion polarities observed at the Hi-net stations using the high-sensitivity seismometers. The moment tensor solution was consistent with the distribution of the P-wave first motion polarities (Fig. 2) .
For the main shock and the largest aftershock, the calculated fault-orientation parameters and moment magnitudes are listed in Table 1 . The fault strike of the largest aftershock differed from that of the main shock by 8
• in the clockwise direction. The centroid of the largest aftershock was located south of that of the main shock. Figure 3 shows the horizontal distribution and vertical cross section of the moment tensor solutions. It should be note that a centroid location, which is a release point of seismic energy mainly, is not always the same as the hypocenter, which was determined by first arrival data as a rupture initiation point. Almost all the moment tensor solutions were those of strike-slip faulting. The strike of the horizontal distribution of the moment tensor solutions was aligned in the northwest direction. Most solutions tended to concentrate at the northwestern and southeastern parts of the aftershock area. was located at a depth of 10 km, and some aftershocks were observed at a shallower part near the main shock.
Source Fault and Rupture Propagation of the Main Shock
In order to determine the source fault and direction of rupture propagation of the main shock, we applied the doublet line source method (Tsuboi and Fukao, 1996; Tsuboi et al., 1998) to the observed waveforms of the main shock. In this method, the CMT solution was regarded as a doublet composed of two point sources. The focal mechanism of the two point sources was the same as that of the main shock, and they possessed half the seismic moment of the CMT solution obtained by the CMT inversion method. The point sources of a doublet were located at both ends of the fault strike estimated from one of the nodal planes at the centroid of the main shock. Figure 4(A) shows the assumed doublets and stations used in this approach. Two doublet pairs and two rupture propagation cases for each doublet were examined. The fault length of the main shock empirically varies between 20 and 30 km when the moment magnitude is 6.6. By trial and error, we investigated some cases of fault length and rupture velocities and estimated their values as 18 km and 3 km/s, respectively. All the point sources were located 9 km from the centroid of the main shock. At one of the point sources of the two doublets, the ruptures commenced 3 s before and after the centroid time estimated by the CMT inversion. We assessed the VR val- ues in four cases by comparing the observed and synthetic waveforms obtained from 15 NIED F-net stations. We also alternatively determined the most suitable source fault and rupture propagation direction with the maximum VR. Table 2 shows the results of the doublet line source method. Case 1 showed the maximum VR of 85.1%. Therefore, the strike of the fault plane was along the NW-SE direction, and the rupture propagated in the southeast direction. Figure 4 (B) and 4(C) show examples of waveform fitting at two different stations for the four cases. Both stations were in azimuths different from the focal areas. The synthetic waveforms of case 1 were the most suitable in terms of amplitude and phase.
Initial-Rupture Fault
The general features of the rupture of the main shock were that it propagated in the southeast direction and the source fault had a fault strike of 123
• . A moment tensor catalog described the similarity between the fault strikes of 122
• and 124
• reported by the Harvard Seismology CMT catalog and the USGS fast moment tensor solutions, respectively. Matsumoto et al. (2006) recalculated the moment tensor solutions of the main shock using the NIED F-net waveform data and obtained the fault strike of 122
• , which was the same as our result. Nishimura et al. (2006) obtained the fault model with fault strike of 118
• using the coseismic deformation observed by GPS and InSAR. On the other hand, a fault strike with an average value of 110
• was derived using the P-wave first motion polarities of the NIED Hi-net stations. However, a solitary nodal-plane solution was not determined, and the derived fault strike differed from that of the moment tensor solution by 13
• in the counterclockwise direction (Fig. 5) .
In order to obtain the fault geometry in detail, we adopted the double-difference method (Waldhauser and Ellsworth, 2000) . We relocated 1390 aftershocks that occurred between March 20 and April 30, 2005 with a JMA magnitude greater than 2.0 and compared the centroid locations of all the moment tensor solutions. Figure 6(A) shows the distribution of the relocated aftershocks. We considered one of the nodal planes-obtained by the CMT inversion-with the NW-SE fault strike as the source fault because the seismicity forms a narrow northwest-striking zone in the entire focal area. We also compared the distribution of the source fault with the seismicity shown in Fig. 6(A) . It should be emphasized that the fault orientation of some aftershocks occurring near northwest of the epicenter of the main shock exhibits the fault strike of 110
• , which is the same as that of the focal mechanism derived using the P-wave first motion polarities for the main shock. Therefore, the rupture of the main shock was initiated on the fault strike of 110
• . We considered the fault patch of the initial rupture, which had a different strike from the fault of the main rupture, as the "initial-rupture fault."
Discussion
The moment tensor solution of the main shock was different from the focal mechanism derived using the P-wave first motion polarities. The same feature was observed for the 2000 western Tottori earthquake in Japan (Ito, 2005) . Hori (2002) reported that some focal mechanisms derived using the P-wave first motions differed from the moment tensor solutions because the focal mechanism and moment tensor solution indicated the initial rupture pattern and the average source process of the entire rupture, respectively. An initial-rupture fault whose geometry differs from that of the main-shock fault probably exists near the epicenter in the focal area.
The existence of the initial-rupture fault at the northern part of the main-shock fault and a bend near the epicenter of the main shock can be confirmed based on the following results: (1) the southeastward propagation of the main shock rupture, (2) difference between the fault strike of the moment tensor solution and that of the P-wave first motions, and (3) agreement between the fault strike of the aftershocks observed at near northwest of the epicenter of the main shock and that of one of the nodal planes derived using the P-wave first motions. The fault strike of the largest aftershock, which occurred south of the main shock, is also different from that of the main-shock fault by 8
• in the clockwise direction.
The accuracy of the moment tensor solutions calculated by NIED F-net moment tensor analysis, which is similar in approach to our CMT inversion method, is less than 10
• (Kubo et al., 2002; Kubo and Fukuyama, 2004) . The differences in the fault strikes of the initial-rupture fault, main-shock fault, and the largest fault of the aftershock are probably significant.
For rupture propagation of the main shock, we alternatively detected the fault plane and direction of rupture propagation. However, we were unable to obtain the slip distribution in detail by our doublet line source method. On the other hand, a small coseismic slip of the main shock is distributed in the northern portion of the main fault ; this suggests a possibility of the rupture propagating northward. The released seismic energy in such a case is lower than that in the case of the rupture propagating southward.
Figure 6(B) shows a possible fault model of the 2005 west off Fukuoka prefecture earthquake. In this model, we describe the rupture process of the main shock as follows. First, the rupture of the main shock began at the initialrupture fault strike of 110
• , whose length was determined based on the distribution of aftershocks with a similar fault strike, and propagated southeastward. Next, the main asperity on the main-shock fault with a strike of 123
• ruptured. Finally, the rupture terminated near a bend in the fault strike. The largest aftershock occurred in the south- east direction, and the strike of the fault plane located at the northwestern extent of the Kego fault was 131
• . King and Nábělek (1985) pointed out that fault bends played an important role in rupture initiation and termination. For the 2005 west off Fukuoka prefecture earthquake, the rupture initiation and termination may be controlled by fault bends extending from the initial-rupture fault to the main-shock fault and those from the main-shock fault to the fault of the largest aftershock, respectively. The detection of fault bends will be important for the estimation of the initiation point of a rupture.
In the northern part of the aftershock area, the fault strikes of the aftershock appeared to be en echelon and were inconsistent with the alignment of the seismicity. Some small echelon faults or spray faults may exist in the northern part of the focal area. These features are similar to those of the north end of the main-shock fault of the 2000 western Tottori earthquake (Fukuyama et al., 2003) .
Our simple estimation of the rupture propagation of the main shock showed that the rupture propagated southeastward. Other source process studies also reported a similar rupture propagation feature of the main shock Asano and Iwata, 2006) . The directivity effect due to the southeastward rupture propagation was also observed (Miyake and Koketsu, 2005) . For other aftershocks including the largest aftershock, the source fault and direction of rupture propagation could not be calculated by our approach because the fault sizes might be considerably small. However, this approach enables the selection of a source fault from two nodal planes estimated by the CMT inversion method and quick determination of the direction of rupture propagation for large earthquakes.
Conclusions
By using a densely-distributed broadband seismometer network of the NIED, we applied the centroid moment tensor inversion method to the main shock and aftershocks of the 2005 west off Fukuoka prefecture earthquake. Many moment tensor solutions with a moment magnitude between 3.5 and 6.6 were calculated to obtain the distribution of the source faults in the focal area. An accurate distribution of small aftershocks was obtained by the doubledifference method. Based on the fault geometry and rupture propagation determined by the doublet line source approach, source-fault distribution for the aftershocks, and precise small-aftershock distribution, the following results were obtained. The rupture of the main shock was initiated on the initial-rupture fault with a strike of 110
• . It propagated in the southeast direction, and the seismic wave energy was released at the main-shock fault with a strike of 123
• . The rupture was arrested at the southeast end, where a bend occurred in the fault. Finally, the largest aftershock with a strike of 131
• occurred at the northwestern extent of the Kego fault.
